Background: Despite increasing survival following damage control laparotomy and open abdomen technique, little is known about the biology of visceral skin graft revascularization and separation from peritoneal contents. Methods: Following laparotomy for trauma, patients with visceral edema preventing fascial closure underwent Vicryl mesh closure followed by visceral split-thickness skin grafting and readmission graft excision and abdominal wall reconstruction. Utilizing laser speckle contrast imaging, immunochemical staining of histologic sections, and RT-PCR array technology, we examined the revascularization, microvascular anatomy, morphology, and change in gene expression of visceral skin grafts. Results: Ten patients ranging in age from 25 to 46 years underwent visceral grafting for cutaneous coverage of an open abdomen. Skin graft perfusion peaked at a mean of 350 PU by post-operative day 14 synchronous with closure of meshed interstices, and remained constant until excision. Time to graft excision ranged from 6 to 18 months. CD-31 immunostaining documented a significant (p = 0.04) increase in vascular surface area in excised grafts compared to control skin. Trichrome staining revealed an 8-fold increase in excised graft thickness. Mesothelial cells were identified within the dermal matrix of excised grafts. RT-PCR demonstrated significant up-regulation of genes involved in matrix structure and remodeling, cytoskeleton regulation, and WNT signaling; and down-regulation of genes involved in inflammation and matrix proteolysis in excised grafts compared to control skin. Conclusion: Our data document early visceral skin graft perfusion and a plateau in revascularization. Histology reveals a robust dermal matrix populated by fibroblasts and mesothelial cells within a complex supporting vascular network. Genetic analysis of excised grafts reveals growth factor, collagen, and matrix remodeling gene expression.
Introduction
Currently, between 10% and 15% of trauma laparotomies are performed utilizing damage-control surgery techniques [1] . Damage-control surgery is most often used to control exsanguinating hemorrhage in patients with severe physiological derangement or high-risk injury pattern [2] . Hemorrhagic shock and required crystalloid and blood product resuscitation result in visceral edema often preventing primary fascial closure of the abdominal wall [3] . As a result, definitive abdominal wall repair is preceded by a period of temporary abdominal wall closure [4] [5] . If early primary fascial closure is not practical or feasible, techniques have been reported for management of the open abdominal defect including closure with an absorbable mesh to provide a scaffold for visceral granulation tissue formation and cutaneous coverage by split-thickness skin graft (STSG) [6] [7] .
The timing of definitive abdominal wall reconstruction following visceral skin grafting is determined by evaluating the characteristic adherence of the split-thickness skin graft to the underlying viscera. Initially, the graft remains firmly adherent to exposed viscera. However, over a 6 to 12 months interval, the adhesions between graft and viscera become pliable, and the skin graft can be pinched away from the underlying viscera allowing graft excision and successful abdominal wall reconstruction [8] [9] .
Despite innovative research in resuscitation physiology, temporary abdominal closure techniques, nutritional support, and intensive care management which have increased the survival of patients with an open abdomen [10] [11] , there has been no investigation into visceral skin graft perfusion, maturation, or separation from peritoneal contents. Utilizing laser speckle contrast imaging (LSCI), immunochemical staining of histologic sections, and reverse transcription polymerase chain reaction (RT-PCR) array technology, we examined the functional revascularization, microvascular anatomy, morphology, and gene expression of visceral skin graft maturation and separation. Patients with open abdominal wounds which were not amenable to primary fascial closure underwent temporary closure by insertion of knitted Vicryl mesh (Polyglactin 910 Mesh, Ethicon, Inc., Somerville, NJ) to prevent evisceration. The mesh was sutured to the abdominal wall fascia using a running monofilament suture. The mesh was covered with Mepitel Silicone Sheeting (MoInlycke Health Care, Gothenburg, Sweden) followed by a black foam-containing wound VAC (Vacuum Assisted Closure, Acelity/KCI, San Antonio, TX) at 125 mm Hg suction. The VAC was changed every 48 hours until granulation tissue covered the mesh and underlying viscera. Following granulation tissue maturation, cutaneous coverage was provided by application of a 0.015 inch thick split-thickness skin graft harvested from the thigh using a Zimmer dermatome (Zimmer Inc., Warsaw, IN). The STSG was meshed at 2:1 ratio using a Brennan mesher (MoInlycke Health Care). Mepitel and a wound VAC were applied over the STSG and remained in place until post-operative day (POD) 5.
Methods

Patients and Temporary Closure Technique
After hospital discharge, each patient was followed in the outpatient clinic to examine visceral STSG maturation and measure graft perfusion by LSCI. When the skin graft became pliable and was able to be pinched away from underlying viscera, the patient was scheduled for graft excision and definitive abdominal wall reconstruction.
Laser Speckle Contrast Imaging
Prior to skin grafting (open abdomen granulation bed and thigh donor site), immediately after graft application, at wound VAC removal (POD 5), and at post-operative intervals of 1 week, 2 weeks, 1 month, 2 -4 months, and graft excision, laser speckle contrast imaging was performed with the Full-Field Laser Perfusion Imager (FLPI, Moor Instruments, Essex, UK). Real-time data was acquired in Live Image Measurement Mode. The contrast images were processed to produce a scaled color-coded Live Flux Image (red, high perfusion; blue, low perfusion) which correlated with the blood velocity in the tissue [12] .
Donor and Visceral Skin Graft Harvest, Histology, and Immunochemical Staining
Each visceral skin graft was surgically excised from the abdominal wall and underlying peritoneal contents. Following excision, seven full-thickness biopsies (each 5 cm 2 ) were performed using sterile technique with tenotomy scissors and included two left lateral, two right lateral, and three central locations. Each biopsy was bisected, and one-half of the tissue was fixed in 10% buffered formalin for 24 hours, processed, and paraffin-embedded. 
Microvascular Density Determination
Control skin and excised skin graft vessel counts and vascular luminal cross-sectional surface areas were determined with image analysis of CD-31 immunostained sections. Each full-thickness biopsy was analyzed with a total mean value reported for each region of interest using a previously reported technique [13] .
RNA Isolation and Purification
The RNeasy Fibrous Tissue Kit (Qiagen) was utilized for RNA isolation using a previously reported technique. The purity of the isolated RNA was confirmed by a spectrophotometric ratio (A 260 /A 280 ) of 1.9-2.1, and by sharp bands for 28S and 18S ribosomal RNA on agarose gel electrophoresis [14] .
Gene Expression Analysis by Quantitative Real-Time PCR Array
The RT 2 Profiler PCR Array System (SA Biosciences, Frederick, MD) was utilized to analyze the expression of a focused panel of genes using SYBR green-based real-time PCR. Each PCR array is a 96-well plate containing the RT 2 PCR primer assays for a set of 84 genes, plus five housekeeping genes and three controls. Human Wound Healing Pathway Array (PAHS-121Z) was used to Surgical Science 
Results
Patient Demographics and Clinical Course
Ten patients with persistent visceral distension with or without abdominal wall tissue loss preventing direct fascial closure were managed with split-thickness skin grafting of visceral granulation tissue. There were 7 men and 3 women, 
Laser Speckle Perfusion Analysis
The Full-Field Laser Perfusion Imager (FLPI) illuminates an area of tissue with laser light to produce a high contrast random interference effect known as speckle pattern [16] . (Figure 4 ).
Graft Histopathology
Trichrome staining of harvested, nongrafted (control) and excised visceral skin graft histologic sections was performed to define subepidermal matrix morphology to accurately determine graft thickness ( Figure 6 ). Histologic examination revealed a significant (p < 0.0001) 8-fold increase in excised graft thickness compared to control (mean control thickness 400 µm vs. mean excised graft thickness 3200 µm). The increase in excised graft thickness was exclusively a result of an increase in the dermal thickness, with no significant change in the thickness of the epidermis, and no evidence of residual Vicryl mesh ( Figure 6 and Figure 7 ). (Figure 8 and Figure 9 ).
To further characterize the morphology of the interface between visceral skin graft and peritoneal cavity, calretinin and WT-1 immunostaining was utilized to identify and localize mesothelial cells [18] . Colocalization of calretinin and WT-1 immunoreactivity confirmed the presence of mesothelial cells throughout the dermal matrix of the excised skin grafts, primarily in perivascular locations ( Figure 10 ). No immunoreactivity was present in control skin. α-SM actin staining, utilized to determine smooth muscle cell and myofibroblast identity [19] , revealed the presence of smooth muscle cells in the walls of blood vessels located in control and excised skin grafts, but failed to demonstrate the presence of dermal myofibroblasts in control or excised tissues (Figure 11 ).
Gene Expression
Quantitative RT-PCR arrays were performed on harvested, nongrafted skin (control) and excised visceral skin grafts to analyze the expression of a focused panel of genes involved in tissue repair. Of the 84 pathway focused genes assayed, 32% were up-regulated and 5% were down-regulated in visceral skin grafts compared to control skin. Abbreviations: IGF-1: insulin-like growth factor-1; PAI-1: plasminogen activator inhibitor-1; FGF-2, -7: fibroblast growth factor-2, -7; Col: collagen; Angpt-1: angiopoietin-1; CTGF: connective tissue growth factor; WISP-1: WNT inducible signaling pathway protein-1; CTSG: cathepsin G; CTSK: cathepsin K; Tagln: transgelin; ITGA1: integrin alpha 1; ITGB6: integrin beta 6; TIMP-1: tissue inhibitor metalloproteinase-1; MMP-1, -7: metalloproteinase-1, -7; CCL-2: chemokine (C-C motif) ligand-2; IL-1β: interleukin-1 beta.
survival (IGF-1, FGF-7), vascular maturation and homeostasis (Angpt-1, FGF-2), matrix structure and remodeling (collagens, cathepsins, PAI-1, TIMP-1), cytoskeleton regulation (integrins, transgelin), and WNT signaling (WISP-1); and down-regulated expression of genes involved in inflammatory cell migration (IL-1β, CCL-2), and matrix proteolysis (MMP-1, MMP-7).
Conclusions
In this study, Vicryl mesh closure served as an absorbable scaffold for infiltration of granulation tissue which became the recipient microvascular bed for skin graft revascularization. Laser speckle contrast imaging demonstrated graft perfusion as early as post-operative day 5, even before complete epithelialization of skin graft interstices. This is consistent with animal skin grafting research demonstrating the early perfusion of human skin transplanted onto athymic mice via the process of inosculation, the fusion or anastomosis of two vascular lumens to form one continuous lumen [20] [21] . Visceral graft perfusion plateaued during post-operative weeks 2 -3 and did not change thereafter, suggesting that graft separation from underlying viscera was not initiated by changes in local perfusion.
Histologic analysis with immunochemical identity of endothelium confirmed a similar organization and gradient of vasculature in the excised, mature visceral skin graft compared to full-thickness human skin. Each tissue contained a superficial vascular plexus located within the papillary dermis which was supplied by larger vessels from the deeper dermis [22] . Despite nearly complete separation from underlying peritoneal contents, visceral skin graft perfusion remained constant, and histology revealed communication of feeding vessels of the mesentery, omentum, and peripheral abdominal wall with the dermal microvascular plexus.
Microscopy and RT-PCR were utilized to evaluate the cellular and molecular changes associated with visceral graft maturation and separation. Trichrome staining revealed the excised skin graft was composed of a robust dermal matrix which originated from visceral granulation tissue and graft dermis. Immunochemistry documented the presence of mesothelial cells throughout the matrix, particularly in close proximity to deep dermal blood vessels.
Following injury, mesothelial cells are reported to initiate complete regeneration of the mesothelium or the development of pathologic adhesions [23] . Normal mesothelial healing is unlike other epithelial surfaces. Mesothelial healing progresses diffusely across the exposed surface, whereas for other epithelia, healing occurs by centripetal migration of cells from the wound edge. A free-floating population of mesothelial cells migrates and attaches to injured serosa [24] [25] . The perivascular location of dermal mesothelial cells may reflect their pathway of arrival and/or signify their importance in granulation tissue angiogenesis and vascular remodeling.
During peritoneal repair, mesothelial cells synthesize extracellular matrix (ECM) molecules including collagen types I, II, and IV, fibronectin, and elastin.
They also regulate ECM turnover by secreting proteases and antiproteases, in- respectively. Furthermore, mesothelial cells control fibrin deposition and breakdown through production of tissue-type plasminogen activator (tPA), and its inhibitor, plasminogen activator inhibitor-1 (PAI-1) [26] [27] [28] . Hence, the mesothelial cells present in the skin graft dermal matrix may be the sentinel cells which are necessary for remodeling of visceral granulation tissue into dermal matrix, and vital for separation of matrix from peritoneal contents, attempting to "reperitonealize" the abdominal cavity. Granulation tissue is characterized by fibroblast proliferation and ECM deposition. Following tissue injury, fibroblasts acquire smooth muscle features including expression of α-SM actin as they differentiate into myofibroblasts, the predominant cells involved in ECM contraction during repair [29] . In the resolution phase of healing, there is a loss of cells including myofibroblasts by apoptosis. The fibroblasts that remain in granulation tissue after the epithelial defect is closed revert to a more quiescent, noncontractile phenotype and lack α-SM actin microfilament bundles that were present during the contractile phase of healing [30] [31] . Immunohistochemical investigation of visceral skin graft tissue revealed lack of myofibroblasts within the dermal matrix suggesting graft separation occurs following remodeling of granulation tissue.
Global transcription profiling of wounded keratinocyte cultures and epithelial tumor cells illustrates the importance of proteolysis and matrix remodeling in the integration of cell proliferation, motility, and differentiation in tissue repair [32] [33] . Therefore, we examined the expression of a focused panel of genes known to be important in ECM remodeling and wound repair ( Table 1) . Fine control of proteolysis reorganizes ECM architecture which affects the dynamics of cell-ECM interactions involving integrins, releases bioactive ECM molecules such as collagen fragments, and activates growth factors including IGF-1 and FGF-7 which stimulate cellular migratory and proliferative behavior [34] [35] . Current data suggests PAI-1 may function as a rheostat to regulate the spatial-temporal control of pericellular proteolysis in response to tissue injury [36] . Hence, PAI-1 may orchestrate the local proteolysis necessary for visceral skin graft maturation and separation.
Metalloproteinases were traditionally considered to be the major mediators of ECM degradation due to their extracellular location and enzymatic stability at neutral pH [37] . In contrast, cathepsins were reported as intracellular proteases involved in protein turnover. However, under specific physiologic conditions, the cathepsins can also be secreted into the extracellular space where they can remain proteolytically active and degrade various components of the ECM [38] [39] . Therefore, cathepsin activity at the dermal matrix-peritoneal cavity boundary may be important in graft separation.
The importance of IGF-1 and FGF-7 signaling in the skin is evident from original studies with IGF and FGF receptor null mice, which demonstrated hypotrophic skin with reduced number and size of hair follicles in these knockout mice [40] [41] . In addition to their role in skin homeostasis, multiple studies suggest a role for IGF-1 and FGF-7 in skin repair. In vitro, both growth factors have been shown to stimulate keratinocyte proliferation and migration, collagen production by fibroblasts, and granulation tissue maturation [42] [43] .
Transcript analysis of visceral skin grafts revealed down-regulation of genes. Two metalloproteinases, MMP-1 and MMP-7, were down-regulated, while the expression of MMP-2 and MMP-9 remained unchanged in visceral skin grafts compared to control skin. Revascularization is an invasive process which requires proteolytic activity of the migrating cells. MMP-1, -2, -7, and -9 are involved in initiation of angiogenesis and vascular regression [44] [45] . Quiescent endothelial cells produce little or no MMP's, while active and invasive endothelium requires MMP activity [46] . At the time of visceral graft separation and excision, perfusion remained constant, and graft endothelium was likely nonproliferative and without need for MMP activity.
Two genes whose products are important inflammatory mediators were down-regulated in visceral skin graft tissue. The CCL-2 gene, its protein product a chemokine important in monocyte trafficking and endothelial proliferation [47] , was down-regulated in graft tissue. IL-1β gene expression was also reduced. Previous research demonstrated the important activity of these mediators during the early inflammatory phase of wound healing, and their reduced expression during the later remodeling phase of wound repair [48] [49] . Reduced expression of CCL-2 and IL-1β in the separating visceral skin graft may be an indicator of reduced peritoneal inflammation.
In summary, this study documented the ability of a noninvasive imaging technology to accurately determine visceral skin graft perfusion and temporal revascularization. Histologic and molecular analysis of excised graft tissue revealed the presence of mesothelial cells, absence of myofibroblasts, and expression of genes important in ECM regulation. In future research, we plan to investigate the temporal changes in the cellular and molecular environment involved in the formation of visceral granulation tissue utilizing microfluidic single-cell gene expression analysis of cells isolated from the black foam at serial wound VAC changes. Using specific cell surface markers, flow cytometry will be used to determine the time of arrival and disappearance of endothelial cells, mesothelial cells, and myofibroblasts. To conserve precious DNA, changes in gene expression from these cell populations will be determined by digital droplet PCR. Finally, we plan to elucidate the anatomic change in graft blood supply from its initial vertical source, the granulation tissue adherent to viscera and omentum, to its later horizontal source at graft separation, the circumferential abdominal wall, using simultaneous planar laser speckle contrast imaging and dimensional indocyanine green angiography. Understanding the biology of visceral granulation tissue formation and remodeling may guide therapeutic strategies for managing and improving healing of the open abdomen.
